Abstract DNA microarray technology is revolutionizing many aspects of biological research, allowing the expression of many thousands of gene transcripts to be monitored simultaneously. This provides powerful tools for the genome-wide correlation of gene transcript levels with physiological responses and alterations in physiological states. To date, microarray analyses have been applied almost exclusively to a few model species for which the abundant gene sequence data permit the fabrication of whole-genome microarrays. However, many interesting physiological traits and responses are poorly expressed or absent in model species and may be better illustrated in nonmodel organisms. Comparative approaches to understanding function traditionally focus on species that by virtue of their unusual adaptations, lifestyles, and phylogeny are particularly suited to address a specific biological process or problem. In this review, we show that microarray technology can be successfully applied to these nonmodel species and used to generate new insights of comparative and evolutionary significance into animal function.
INTRODUCTION
Underpinning all physiological analysis is the functional characterization of enzymes and proteins and their biological regulation. Recent technological and conceptual advances in genomic science have revolutionized this process of discovery. This is not an overstatement. Led by large-scale genome sequencing projects and with a throughput approaching the industrial scale, a more or less complete catalogue of genes and their coded proteins is now available for an increasing number of selected organisms (1-4). This greatly facilitates the identification of genes and allows issues relating to genome organization, architecture, and evolution to be addressed. Equally significant are technical developments that allow gene expression at the level of transcript and its encoded protein to be conveniently 0066-4278/03/0315-0231$14.00
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GRACEY s COSSINS addressed. This can now be undertaken on a scale that matches the entire genome, allowing the expression profile of large numbers of genes and their encoded proteins to be characterized. Such profiling constitutes an open screen of genes and proteins, identifying those whose expression is regulated in relation to changes in the performance of the whole system. This model-independent, inductive form of analysis contrasts with the more conventional hypothesis-driven gene-by-gene or protein-by-protein form of analysis. Thus we have at hand a new form of functional screening that relies on high throughput capabilities and offers overviews of unsurpassed breadth and depth.
The new sequence-led approaches to gene characterization are most powerfully deployed in genomically sequenced model organisms, where resources from a large number of contributing laboratories give the necessary sequence information, informatic resources, and species-specific means of genetic manipulation. However, this presents the comparative and evolutionary physiologist with a dilemma because the genomic model species (e.g., the yeast Saccharomyces cerevisiae, the nematode worm Caenorhabditis elegans, the insect Drosophila melanogaster, and the mammal Mus musculus) are not necessarily ones that are of interest to that community. Genomic model species are generally selected for analysis for reasons of experimental power and technical convenience, rather than ecological interest or evolutionary significance.
In contrast, evolutionary and comparative models are usually selected because of some extreme form of adaptation or physiology or because of some interesting ecological, environmental, or phylogenetic context. To resolve these divergent views, we suggest that the favored mantra of the comparative physiologist, namely Krogh's Principle (5), i.e., for each physiological problem there is a species uniquely suited for its analysis, needs some qualification possibly in two respects. First, because evolution frequently works by elaboration of pre-existing processes, and because of the extensive conservation of protein function between even distantly related taxa, it is quite likely that responses particularly well-illustrated in comparative models may well be exhibited, albeit to a lesser degree, in the genomic model species. Thus studies on model and nonmodel species should be viewed as complementary, with nonmodel organisms being useful for the discovery of interesting physiological attributes, whereas model species offer tractability for the further characterization of the gene's function and regulation. Second, lack of a completed genome sequence in comparative models (i.e., many nonmodel species) does not necessarily mean that events at the level of the transcriptome or proteome cannot be addressed. We describe here some broad technical approaches that can be deployed and some recent results that seek to justify both assertions. We sketch out a new and unusual agenda for environmental and comparative physiology, one that might play a key role in moving from a fragmented molecular viewpoint to a more holistic perspective of biological function and regulation.
The Place of the Transcriptome in Biological Regulation
The analysis of biological function through measurements of transcript regulation requires some justification. The quantitative relationship between expression of a transcript and that of its encoded protein is sometimes questioned because transcript amounts are not necessarily related to the expression of its encoded protein (6) . Also, because enzymatic function can be affected through manifold posttranslational modifications, the influence of transcript manipulation upon protein function is even less direct (7) . This is sometimes taken to mean that measures of transcript amounts have little or no value in assessing the physiological status or performance of a system or of mechanisms mediating the response.
There is no doubt that regulation of transcript is just one of several levels at which biological regulation occurs and that the phenotype results from integration at all levels. Nevertheless, there are many published physiological investigations of specific genes where regulation of transcript amount underpins the broader response and signals its initiation, continuance, and completion. Indeed, there is now sufficient information to indicate that regulation of transcript amount is an important and perhaps principal means of biological regulation (8) . However, in many cases the quantitative link between transcript and protein expression is subtle and needs to be defined over the longer term rather than at steady state or any single time point during an evolving time-course. As a comparative example, the 9 -desaturase gene is up-regulated in many diverse organisms in response to cooling, and this is mediated, at least in part, by transcriptional up-regulation (9, 10) . However, the induction of the transcript tends to be short-term and transient, whereas that of its encoded protein may be delayed and more long-lasting owing to the more extended life-time of the protein translational complex (11) and slower turnover of protein relative to transcript. Significantly, the transient responses in transcript and protein amounts observed in the few hours or days following cooling far exceed the differences in the steady state observed after a long period of adjustment to new conditions. Similarly, in response to heat stress, the time-course and expression level of heat shock protein transcripts vary between closely related species and are linked to the levels of the synthesized heat shock proteins (12) . Thus responses linking transcript amount to physiological responses are likely to be more evident by measurements made during responses to changed circumstances or to physiological stimuli than in the ensuing steady state.
Second, the measurement of transcript amount is now eminently tractable. Northern analysis and quantitative PCR-based methods provide a means of exploring changes in relative amount between physiological states or treatment conditions. These methods are extremely sensitive, and specific for genes, their isoforms, and transcriptional variants. Moreover, these analyses can be undertaken on reasonably large numbers of transcripts; multiplexed and high throughput quantitative PCR can be scaled up to provide information on dozens and hundreds of transcripts (13) , and the newer arrayed-based methods described below offer information at the level of the entire transcriptome or a substantial part of it. However, measurement of changing transcript amount does not in itself define the causative mechanisms, and currently no high throughput methods exist for discriminating transcript inductions caused by increased transcription from transcription caused by reduced transcript degradation or other post-transcriptional events. Nevertheless, the coherence of the resulting analysis, the integrity of the global view, and its quantitative significance are all considerable and well demonstrated in recent publications (14, 15) .
Third, the potential for system-wide and more-or-less complete definition of responses signifies a major shift in scale. For the first time, it is possible to integrate responses of an entire system at an unsurpassed level of detail and definition, and this offers a major new opportunity for comparative biology given its interest in uniting events at the molecular level with those at higher levels of organization. This system-wide view is currently difficult to achieve at the level of protein, but rapid advances in mass spectrometry and protein arrays are likely to change this situation within the next few years (16) . Expanding from a reductionist to a holistic perspective has long been a goal of comparative physiologists. It requires an ability to collate events on the grand scale, and these new methods offer a practical means of achieving this. The resulting rich seam of quantitative information, together with the new bioinformatic methods of pattern searching, will provide the basis for much post-hoc rationalization and hypothesis formation. Phenotypes can thus be characterized in unsurpassed detail, giving powerful means for phenotypic classification and understanding of mechanism.
Finally, it is worth noting that experiments analyzing responses of the entire transcriptome or proteome signify a shift from conventional hypothesis-driven approaches (8) . They are variously described as discovery-driven research or disparaged as a fishing trip. Conventional hypothesis testing has a venerable history yet it is bound by model-dependency, being based on ideas formulated and refined through a succession of hypothetical-deductive loops. Given the large number of sequenced genes with unknown functions, model-dependency provides a considerable constraint on progress, and there is a need to pass through a phase of discovery and classification before more specific hypotheses can be generated that incorporate this new knowledge. In this respect, screens based on transcripts or proteins are no different from forward genetic screens based on mutagenesis. These have been seminal in generating the rapid developments in zebrafish developmental biology (17) , yet there is no specific hypothesis in their deployment. Screening approaches thus provide the basis for discovery of a new and richer vein of substrates onto which hypotheses can be constructed. The real value of open-ended screening is that progress is opened up beyond the intuitive interpretation based on previous work. Transcriptome and proteomic approaches on the grand scale also offer views of system-wide integration that would not come from an understanding of just a few elements.
Analyzing the Transcriptome-The New Arrayed Paradigm
The conventional Northern analysis of transcript detection involves electrophoresing the tissue RNA extract through a gel slab followed by capillary blotting onto a nitrocellulose membrane (18) . To this is hybridized a radiolabeled DNA probe that is detected by placing the blot onto an X-ray film or a phosphor screen. The target (the mRNA sample under investigation) is bound to the solid phase, and the probe (the radiolabeled strand of DNA of known identity) is hybridized from the liquid phase. The newer microarray technique turns this approach on its head; the probe is bound to the solid phase, and the fluorescence-labeled target is added in the liquid phase (19, 20) . The probes are positioned as discrete features bound to the solid phase (typically a glass microscope slide), with many adjacent features available for simultaneous hybridization by the target. Miniaturization means that thousands of separate features, each offering specificity for a different transcript, can be accommodated into a small area, with detection requiring microscopic acquisition of the fluorescence image. By convention we describe the DNA molecules tethered to the solid phase as probes and the free nucleic acids in the hybridization solution as the target.
The most widely used method for array fabrication is that of the cDNA array (21, 22) in which the DNA probes are generated by PCR amplification of cloned cDNAs or targeted amplification of selected genes from genomic DNA using gene-specific primers. The PCR products are then robotically printed at high density (∼5000 spots/cm 2 ) as discrete spots on glass microscope slides (23) . The other common array platform is the oligoarray, which uses oligonucleotides as the arrayed probes. In its most basic format, an oligoarray is printed with synthesized oligonucleotides instead of PCR products (24) . More advanced oligoarrays are available commercially, in which the oligonucleotides are synthesized in situ on the array either by lithographic masking techniques (25) or by printing of each successive base onto the growing oligonucleotide using a non-contact inkjet technique (26) . The impressive density of features that can be accommodated on arrays means that sufficient discrete probes are available to address almost all the transcripts in a complex RNA mixture. Thus for the first time, one can simultaneously measure transcript abundance for every gene. This massive parallel detection capability is what distinguishes this new technique from everything that has gone before. It offers a global overview of gene expression leading to a picture of the whole transcriptome and gives rise to a totally new level of understanding appropriate to the modern genomic perspective.
Oligoarrays offer some advantages over cDNA arrays because the printed oligonucleotides can be selected to discriminate between closely related genes or splice-variants by targeting unique regions of the gene and thus eliminating cross-hybridization (27, 28) . For example, in a landmark study, oligonucleotides corresponding to the predicted exons in the human genome were tiled onto the arrays and hybridized with a wide range of mRNA samples, allowing the identification of co-regulated exons (29) . This type of detailed analysis of mRNA transcript variants is especially important given that recent estimates suggest between 40 and 60% of genes are expressed as alternatively spliced products (30, 31) . Furthermore, alternatively spliced mRNAs and mRNAs of paralogues sometimes code for proteins of distinct or even antagonistic function (32) . However, the selection and synthesis of the probes for oligoarrays is dependent on the availability of either genomic or cDNA sequence, thus making this approach most effective when applied to the genomically characterized model species.
In most conventional microarray experiments, the array is probed by hybridization with cDNAs produced from two different RNA samples, each labeled with a different fluorescent dye. After hybridization, the relative abundance of each transcript is estimated by measuring the fluorescence of the two dyes bound to each spot and expressed as a ratio. One sample might be representative of the control biological condition, the ratio giving a direct indication of responses relative to that control. Alternatively, it might represent a standardized reference sample that is hybridized to all arrays in a series, the ratio providing an element-by-element normalization for various artifactual effects that might otherwise obscure profiles. Genes experiencing increased transcript amounts after experimental treatment are evident from the increase of the sample fluorescence against the control or reference fluorescence and vice versa for down-regulation. The reference-based twofluor design has been popular but might be superceded by designs based around statistical tools (see below).
Microscopic detection and quantification of fluorescence images provide the basic array data. But variance of this data is greatly increased by a number of factors including background fluorescence, dust, and spot-to-spot and array-to-array differences in signal intensity. As a result, complex normalization and correction routines must be applied to the resulting data (33) . A particular problem in dual label assays is posed by subtle differences in the fluorescence and hybridization properties of targets labeled with the two fluors, and it is now common to ensure that each sample is separately assayed using both fluors, giving a balanced design to the experiment (34) . The analysis of multiple sets of array data provides a huge amount of quantitative information, and analysis of the resulting deluge of data is a major challenge requiring extensive analytical tools. The management and storage of these data is the first component of the whole analysis process that has prompted the development of a number of microarray databases (35) and a proposal for the minimum amount of information that should be stored for each experiment to allow the data to be properly interpreted and independently verified (36) .
Given the scale of some microarray datasets, a filtering step is often included in the analysis process in order to reduce the dataset to a more manageable size. This is generally achieved by removing unreliable measurements and genes that show no differential expression across the experiment. The existence of significant background error from technical, physiological, and sampling sources (37) raises an important question surrounding the most appropriate means of identifying the expression profiles linked to the change in the experimental parameter under investigation. Examples are available in which the data were filtered according to fold-changes in expression (38) , principal component analysis (39) , error models (40) , and classical statistics (41). Kerr et al. (41) argue that classical statistical techniques are indeed appropriate and show how analysis of variance (ANOVA) can provide more efficient estimates of change in gene expression that take proper account of confounding effects. They also provide a critique of experimental design considerations comparing the popular reference design, where each RNA sample is competitively hybridized to the array against a common reference RNA sample, with the balanced loop design, in which the RNA samples are hybridized against one another in a closed loop (42) (Figure 1 ).
The field of expression data analysis is particularly active with novel analysis strategies and tools being published weekly. A full description of the current status of this area of microarray experimentation is beyond the scope of this publication but has been reviewed extensively elsewhere (43, 44) . Most data mining methods have been devised to pick out the interesting features of expression data and sort the data so that genes or RNA samples with related expression profiles can be grouped together. The analysis procedures can be broadly classified as either unsupervised or supervised methods. Unsupervised methods, consisting of clustering tools, employ only the raw array data to generate an interpretation (45); for example, self-organizing maps (46) , hierarchical (47) , and K-means clustering (48) . Supervised methods employ external information, for example, additional biological information about the source of the RNA sample in order to train or guide the analysis and partitioning of the array data (49, 50) . Supervised methods are particularly good at identifying the expression signature and key genes that succinctly classify each RNA sample, whereas unsupervised methods are useful for identifying new components of the transcriptional response and organizing the data prior to visualization.
Sorting or clustering the genes into groups that display similar patterns of expression over the full range of experimental conditions under analysis can provide a broad and interpretable overview of gene regulation approaching the scale of the full genome. It can also provide specific information on the transcript level responses of specific genes; the greater the range and diversity of experimental conditions, the more powerful the clustering algorithm in separating the expression properties of otherwise similar genes. Clustering and the resulting pattern of gene expression have also been used to classify tissue samples or specimens (49) . This has been particularly important in cancer research, where sub-types of the disease can be discerned from their expression signature, which can be used not only to diagnose the condition more precisely (51, 52) but also to predict its outcome and suggest the most appropriate form of treatment (53) (54) (55) (56) .
The sheer scale of microarray data offers new problems in data presentation because it is hardly possible to offer hundreds or thousands of graphs, one for each gene. Instead, the new technique for visual presentation is a two-dimensional table or "heat-map," each cell of which uses a simple color-code to represent the relative transcript expression of a single gene under each of a defined set of experimental conditions. The vertical axis identifies each gene in the collection, whereas the horizontal axis displays each condition or time-point in a time series analysis (47) . Expression-based classification schemes may help define functional sub-groups in any population or group of samples, and the accuracy of sub-classification depends on the complexity of the dataset. Information on several hundred different conditions, including different growth or feeding conditions, developmental stages, and mutants, have been accumulated for yeast (47) and for C. elegans (57) . Again, conventional means of visualization are inadequate to represent this huge dataset, and Kim and colleagues (57) developed a three-dimensional expression map that displays correlations of gene expression profiles as distances in two dimensions and gene density in the third dimension. The resulting gene landscape can be used to suggest the function of unknown genes by reference to known genes sharing similar expression profiles, a "guilt-by-association" argument (58) . Alternatively, these landscapes can uncover previously unrecognized functions of known or unknown genes.
cDNA Clone Sets as the Core Requirement for Expression Analysis of Nonmodel Species
Commercial fabrication of conventional microarrays is now widespread, but only for widely used systems for which a commercial market exists, notably for human diseases. For nonmodel species that are of interest to smaller research communities, the production of bespoke arrays on a small scale remains the only solution. The absence of a complete genome sequence and lack of wider research community support might be seen as critical elements blocking progress in either transcript or protein profiling in nonmodel species. However, the study undertaken by Gracey et al. (59) demonstrates that this is not true and that even small laboratories can undertake and complete a significant analysis of the transcriptome within a 1-to 2-year timeframe. The key requirement for production of a microarray, the absence of a gene sequence negating the production of oligoarrays, is a source of cloned cDNAs that can be PCR amplified and spotted onto the array (21) . At its simplest, this clone set can be produced by the random selection of colonies from plated cDNA libraries, arrayed and used in transcript expression analysis without any knowledge of clone identity. Characterization of the expression profile identifies the most interesting clones that can then be selectively identified by sequencing. However, uncharacterized or unselected clone sets are not the most efficient basis for expression profiling because a large fraction of the transcripts extracted from tissues code for just a few genes (60) , and many hundreds of poorly expressed genes will be ill represented in a random collection, giving a hugely unrepresentative picture of the diversity of genes expressed in the tissue.
Perhaps the most complete means of producing a non-redundant clone set with maximum representation of expressed genes is to characterize each cDNA clone in a library by end-sequencing to produce an expressed sequence tag (EST) (61) . Sequencing from the 5 -end of the directionally cloned cDNA often produces a nucleotide sequence corresponding to the protein-coding region of the gene. Because the translated protein sequence tends to be conserved, it offers the best opportunity for establishing clone identity by homology search of the databases. In contrast, sequencing from the 3 -end of the cDNA generally provides non-coding flanking sequence. Because this region is highly divergent, it offers little possibility of identifying the cDNA by homology search but provides a transcript-specific label for separating members of gene families or transcript variants. Alignment algorithms can identify repeated sequences in the clone set (62), which allows production of a largely non-redundant set of clones. The strategy of sequencing cDNAs from both ends has been used to support most genome projects, especially in eukaryotic species where variable transcript splicing results in a wider range of transcripts than the analysis of genomic DNA might indicate (31) .
Although DNA sequencing costs have dropped significantly in recent years, sequence characterization of large clone sets can be prohibitively expensive as a means of clone selection. This has led to the introduction of a range of techniques designed to reduce the degree of redundancy in clone sets, thus increasing the efficiency with which new genes are discovered through sequence characterization (63) . Normalization is a procedure that seeks to rebalance the cDNA library by increasing the representation of lowly expressed transcripts in the cDNA library, while simultaneously decreasing the representation of highly expressed transcripts (60) . Subtraction is a procedure that enriches transcripts by showing differences in representation between two compared physiological states (64), such as coldand warm-acclimated animals or parasitized animals and unparasitized controls. Serial-subtraction of cDNA libraries with cDNAs already present in the clone set offers another means of greatly reducing redundancy and increasing the probability that new genes will be added to the clone set (63, 65) . As a further step to maximize the likelihood of isolating the genes that are expressed under the experimental conditions of interest, the libraries selected for sequencing should be prepared from an appropriate mRNA sample, one that represents the tissues and physiological states for which the array will be screened (66) . Despite all these measures, an EST-screening strategy still requires the sequencing of large numbers of cDNAs, with rejection of a substantial number of repeated clones, and this carries a financial cost. However, sequencing of ESTs from normalized libraries has been used effectively to collate cDNA clone sets for microarrays for the honeybee (67) and the killifish Fundulus heteroclitus (68) . An alternative method for clone selection is oligonucleotide-fingerprinting, in which the binding of a large panel of oligonucletotide probes is used to define cDNAs with unique or repeated sequences (69) . It has been applied most successfully in the zebrafish EST project (70) .
Normalization and subtraction together form the component parts of the suppression subtraction hybridization technique (SSH) (71, 72) , an efficient means of producing cDNA libraries that are more representative of the transcripts undergoing regulation in the system of choice, and at the same time reducing the level of repetition of clones in the entire clone set. SSH libraries of cDNAs have been used as the source of probes for array fabrication (59, 73) . SSH carries the disadvantage of producing fragments mainly from the 3 -end of the cDNA, and because this makes up the non-coding DNA sequence, clone identification by sequence homology is consequently more difficult. Capture of full-length cDNAs with biotinylated SSH fragments using streptavidin resolves this problem, with all the advantages of SSH but providing full-length cDNA clones for subsequent characterization (59) . Alternatively, the availability of extensive EST data greatly assists in the identification of the SSH clones (74) . All these techniques require a degree of technical skill, although kits and commercialized library construction services make them more accessible than previously possible. Nevertheless, there is a clear trade-off between the effort deployed in refining the clone set and the resulting quality of the clone set as reflected in the representation of differentially but lowly expressed genes and the level of redundancy. Our recent experience with a carp using all these techniques provided a clone set with 70-80% unique, full-length, directionally cloned cDNAs (A.Y. Gracey, E.J. Fraser & A.R. Cossins, unpublished observations). This minimizes the number of sequencing reactions required to isolate a representative collection of cDNAs.
Identifying and Controlling Sources of Variability in Expression Profiles
The meaningful interpretation of transcript expression data is critically dependent on the proper estimation of noise within the data. On the one hand, noise can mask important yet low-magnitude transcriptional regulation; conversely, it can lead to the false discovery of other events (37) . One source of variation is at the measurement level and can be attributed to the false positives associated with making thousands of statistical comparisons per array experiment (75) . This can be controlled to some extent through the deployment of statistical methods that correct for this source of error (76) . Further simple steps such as incorporating replication into the experimental design and utilizing error models to assign confidence values to each measurement can reduce the contribution of measurement error to variation (77) . Indeed, the statistical properties of different experimental designs are now becoming more clearly defined, and new analytical approaches largely based on ANOVA quantify the contributions of multiple factors to variation in gene expression (34, 42) .
A more challenging source of variation is biological. A central tenet of experimental design in biology is to control the circumstances in which an experiment is conducted to exclude all influences other than that under investigation. The unsurpassed definition of transcriptome data and the fact that transcript abundance is responsive to an immense range of parameters and circumstances mean that particular care has to be taken in designing experiments to exclude unwanted sources of variation and confounded interpretations. For example, many genes are regulated by changes to the immune, hormonal, or stress status of the organism, and genes involved in inflammatory responses are frequently major components of transcriptional profiles (78) . For this reason, the disease status of the organism must be carefully monitored prior to and during an experiment because infection, for example, by bacteria will cause large-scale expression changes in the host organism (79, 80) . Second, some genes are well known to drive circadian rhythms, and their expression, along with that of their target genes, varies in a regular manner over the full 24-h cycle. Storch et al. (81) and Kita et al. (82) have separately demonstrated that circadian transcript expression rhythms in peripheral tissues are not restricted to these so-called clock genes but extend to a substantial fraction (8-10%) of the entire expressed transcriptome. Timing of tissue sampling thus becomes a critical factor in experimental design. Third, minor variations between individuals in nutritional parameters, including ration and diet quality, may induce widespread effects upon transcript abundance in many tissues, particularly liver (82, 83) . Given the likelihood of variations between individuals in feeding success and nutritive status, this might account for some of the variation observed between individuals. Another obvious source of variation is the effect of body and tissue size on the allometric scaling of mRNA levels (84) . These examples illustrate the great potential for confounding effects in microarray experiments and emphasize the need for careful experimental design and execution and the need for well-constructed controlled comparisons.
Variation in transcript abundance may result from genetic factors and background and, indeed, might be the means by which genetic differences have their phenotypic effect. However, this important link between genotype and phenotype and the role of genetic background as a contributor to transcriptional variance have not yet been definitively addressed save for the dissection by Jin et al. (34) of the contributions of gender, genotype and age to transcriptional variance in D. melanogaster. Gender was the dominant factor, but gender by genotype interactions was found to affect up to 10% of the transcriptome. Some of these effects were at a low level (∼1.2-fold) that required robust experimental design and statistical evaluation for their detection. The use of genetically defined, homogenous individuals or of replicated cultures has demonstrated a surprising amount of nongenetic variance. This issue was highlighted in yeast by Hughes et al. (40) , who found that the expression of approximately 4% of the yeast transcriptome showed significant variation between cultures of specific isogenic lines grown under identical laboratory conditions. Many of these fluctuating genes are regulated by nutrition or stress, suggesting that differences exist even between seemingly identical laboratory environments and that these differences, no matter how subtle, are sufficient to elicit transcriptional variance. However, a further study has shown that as much as 84% of the differences in expression between yeast cultures are actually heritable, suggesting that the variability is linked to genetic differences between supposedly identical strains (85) . Thus even a single-celled organism grown under carefully controlled conditions can exhibit substantial variation in gene expression.
In higher organisms, gene expression patterns also show substantial variation between individuals sampled from an experimental group or a population (86) . Furthermore, the degree of inter-individual variation is also dependent on the type of tissue being assayed. For example, in genetically identical mice, testis transcripts exhibited higher statistically significant variation between individual animals (3.3% of all genes) than those of kidney or liver tissue (1.9 and 0.8%, respectively) (78) . Thus the apparently random or systematic fluctuations in transcript abundance between individuals may indeed be related to identifiable biological or environmental variables which the experimenter has limited control over and may even be unaware of, and they may be due to inter-individual differences in genetic background. This reflects the great power of large-scale data sets arising from open screens of transcripts and of proteins.
Utility of Microarray Approaches in Comparative and Evolutionary Biology
The microarray approach for the systematic analysis of transcript expression on a genomic scale was introduced in the late 1990s, and since then, the uptake of the technique has been astonishingly rapid. Because the approach is entirely generic, it has been adopted for the analysis of all kinds of living organisms. It has also been used to address a variety of experimental questions, as illustrated by the selective listing of recent publications in Table 1 . Currently, the approach is making its greatest impact in disease biology, particularly in cancer, where the method is perfectly suited for sub-classifying otherwise indistinguishable disease states using straightforward hierarchical clustering techniques. It is particularly well suited to situations where just a few genes underpin the condition and where these target genes display (150) pronounced changes in expression that relate to an imposed change in physiological status or perhaps in response to upstream events in a transduction pathway (87) . The method might also have utility in distinguishing organisms in a steady-state, non-stimulated condition, but transcript differences are likely to be rather more subtle, and greater care must be taken to distinguish them from false positives. Currently there are very few examples of global gene profiling in comparative, environmental, and evolutionary biology, but this is likely to change soon (88) . Because these kinds of investigations involve complex, multifactorial traits, the expectation is that they have a more complex, multigenic basis. The underlying changes in gene expression are therefore likely to be more subtle in character, and the unambiguous assignment of complex traits to specific genes will require more than simple clustering (89) . The newer analytical approaches based on ANOVA are of particular significance because they separate the contributions of individual-toindividual variation, genotype, gender, local abiotic environment, and population etc. to the observed variation in gene expression. Thus a greater appreciation of genome-wide variations in expression and the behavior of large-scale effects, rather than a focus on the properties of just a few genes, will underpin extension of transcript screening into the realms of ecology and evolution (90) . This will require significant advances in our understanding of how gene networks operate as both regulatory and regulated systems, and how these networks underlie and mediate complex physiological responses. Current ideas of genomic regulation are thus likely to prove inadequate, and new concepts will be needed, ones that perhaps link together sub-systems that operate according to known mechanisms into complex, integrated dynamical systems that operate by as yet unknown principles (91).
Evolutionary and Genetic Analysis
Evolutionary adaptation is brought about by the accumulation of genetic changes that enhance survival of the species in the context of its environment. Heritable genetic changes can be reflected either in the expression of the transcript or in the function of the encoded protein, the genetic modification being evident in regulatory or coding sequence, respectively. Indeed, microarray approaches would seem ideal for the dissection of complex phenotypes and for the identification of genes whose altered expression underlies complex traits that are located within genetic regions identified by quantitative traits loci (QTL) techniques (92) . However, achieving this goal might be difficult in practice; a study of >39,000 genes in mice identified 400 with significant expression differences that relate to susceptibility to Type I diabetes, 8 of which fall within one QTL (93) . However, the global expression profile failed to rationalize most of the loci contributing to susceptibility, suggesting that, at least in this case, the regulatory regions of genes were not the subject of genetic variation. Changes to coding sequences can be discovered on a high throughput level by the cDNA-AFLP technique (94) , and combining this approach with a microarray screen broadens and makes convenient the discovery of sequence modifications in both regulatory and coding domains. Linking these to sites of genetic control of traits offers perhaps the most direct means of discovering the molecular basis of genetic adaptation (93, 95) and the much sought after mechanistic link between genotype and phenotype. The alternative route of changing gene expression using genetic manipulation techniques, although of great power and discrimination, remains limited to those few largely model species with tractable gene manipulation technologies (40) .
Experimental analysis of evolution has benefited considerably from the conveniences of the culturable model species, such as Escherichia coli or Saccharyomyces cerevisiae, in part because the process of adaptive change can be replicated and monitored as a function of generation number, and the fitness benefit measured relative to the ancestral culture. Microarrays have also been used to identify genes that contribute to enhanced fitness following experimental evolution in yeast (96) , where the expression of several hundred genes was found to be affected by aerobic growth in glucose-limited chemostat over 250 generations, many showing consistent effects in replicated evolved cultures. In E. coli, Riehle et al. (97) explored the genetic basis of adaptation in cultures exposed to a high temperature for over 2000 generations. They detected five duplication/deletion events, which occurred in three of the six replicate lines. This led to the identification of four candidate genes that fell within the region of common duplication, two of which showed elevated transcript expression relative to the ancestor. These two analyses of experimentally evolved organisms offer powerful models for exploring the genetic basis of evolution under natural conditions. Microarrays have also been used in yeast to assess the changes in gene expression following duplication and sequence divergence of genes (98) . The results indicate that coding and regulatory sequences evolve independently and at very different rates, a finding that has implications for the neutralist-selectionist debate. Transcript screening can also be used to address the molecular basis of natural variation and how genotype interacts with phenotype on an evolutionary scale (99) .
Model Organisms and Their Responses to the Natural Environment
Responding to environmental challenge by physiological adjustment (acclimation or acclimatization) is an important component of fitness that both enhances function under normal conditions and confers resistance to extreme, debilitating stress. However, these responses may carry significant energetic costs in the form of increased maintenance and repair. The provision of ATP and the control of its metabolism may be critical components of the general environmental stress response in all organisms, allowing them to respond with adaptive physiological changes while at the same time buffering the changing energy demands.
Recently, two important studies in S. cerevisiae, using whole genome microarrays, point to the way in which environmental responses of organisms can be addressed on a global scale. These studies demonstrate that yeast responds to a range of environmental challenges with differential expression of a common set of genes (100, 101), termed the environmental stress response (ESR). Many of these environmentally induced genes in this yeast encode proteins for carbohydrate metabolism, cell stress, and energy generation, which probably serve to protect cellular homeostasis. In contrast, a large set of genes involved in RNA metabolism, protein synthesis, and cell growth were repressed, changes that probably help to conserve energy. This stereotypical expression program is activated whenever the environmental conditions under which the yeast are cultured are sub-optimal for growth and survival, suggesting that the reciprocal activation of energy conserving and producing processes protects and maintains critical features of the cell's physiological systems. Indeed, the ESR probably represents a truly global stress response because many of the genes featured in the ESR are also regulated in response to other cell stresses, such as damage to DNA (102) and telomeres (103) . These two ESR studies employed different array platforms, one using spotted cDNA microarrays (100), the other oligoarrays (101), yet their findings display remarkable congruence, indicating the reproducibility of array data across platforms and laboratories.
These yeast studies offer the most comprehensive demonstration yet of the extent to which a transcriptional profile can be adjusted and redeployed to protect the cell from a broad range of environmental perturbations, and they offer a model of how to approach similar investigations in more complex multicellular, multitissue organisms. They also demonstrate the extent to which a massive program of transcriptional events can be integrated by the controlling influences of a range of regulatory systems and common regulatory motifs (104) . Of course, the standard laboratory conditions under which S. cerevisiae is cultured are constant and optimal, and only 18.7% of its genes are essential for growth on standard glucoserich laboratory media (105) . Thus the recognition that a significant fraction of the genome mediates environmental responses indicates the genomic requirements for broadening the ecological niche of the organism beyond that of the standard laboratory culture. Studies such as these, which employ environmental challenge, can be seen as a method to "exercise" the genome, eliciting responses from genes that under optimal conditions would not display regulated expression. As a result, assessment of environmental responses will considerably enrich the databases of expression profiles.
These landmark studies with yeast also provide broad yet gene-specific support for a number of emerging features of ESRs in higher animals that were evident in studies of just single genes. These include, first, the divergent transcriptional regulation of isoforms, one being regulated in response to environmental perturbation and the other presumably responsive to some as yet undefined stimuli (100, 101). This divergence has also been recorded in the 9 -desaturase in carp liver, where the Cds-1 isoform is diet regulated and the Cds-2 is cold inducible (S. Polley & A.R. Cossins, unpublished observations), which indicates the evolution of divergent promoter regulation in the duplicated and now stimulus-specific genes (107) , in addition to potential changes in coding sequence that might specialize protein function. Second, most of the yeast ESR genes showed transient regulation rather than sustained effects; the steady-state levels of transcript expression observed over the longer term are substantially smaller. Third, the ensemble transcriptional response offers a tractable means of integrating responses to stress from all its varied sources; the transcriptional profile provides a molecular gauge of prior stress, which offers an operational means of specifying those conditions that are stressful and those that are not. Fourth, transcriptional responses are graded, reflecting the intensity of stress and perhaps the magnitude of the disturbance experienced. Finally, the consistent pattern of gene expression evident with different stressors accounts for the phenomenon of cross-tolerance, where an induced response to one stressor elicits the transcriptional response pattern that serves responses to other stressors.
Environmental Stress Responses in Nonmodel Organisms
Although the microarray technique is most powerfully applied to genetically characterized model species for which complete sequence data are available, recent work has demonstrated its utility in a nonmodel species and without the large-scale resources of a major genome laboratory. In a recent proof of principle study (59) , the power of the microarray-based experimental approach was demonstrated in the context of environmental adaptation, using as a model the long-jaw mudsucker, Gillichthys mirabilis, an environmentally tolerant species of goby fish. This study was initiated in the context of just two sequences for Gillichthys in the public gene databases and with no other resources. Yet within an 18-month period, ∼5000 cDNA clones were randomly picked from subtracted and normalized cDNA libraries enriched for hypoxia-regulated genes. Microarrays were fabricated and hybridized to generate the expression profiles of liver, brain, skeletal, and cardiac muscle tissues during a time-course of hypoxia exposure. Although this study was on the sub-genome scale, a sufficient number of key genes were characterized to demonstrate the wide-scale reorganization of energy-consuming and ATPgenerating pathways in response to hypoxic stress, just as other stressors altered the transcriptional profile in yeast. This demonstrates that significant overviews can be developed with small proportions (∼10-20%) of the entire transcriptome being analyzed, particularly when that small proportion is selectively enriched for responding genes.
The complexity of the response in multicellular organisms will, of course, differ from that observed in the unicellular yeast because not only cellular but also system-level and tissue-based responses will act to conserve homeostasis of the integrated system. Indeed, analysis of tissue-specific transcriptional responses in G. mirabilis (59) not only revealed some striking similarities with the yeast cell's ESR but also highlighted the role of tissue-specific responses. For example, in liver tissue, less than 10% of the differentially expressed genes were down-regulated during hypoxia, whereas 60% were repressed in skeletal muscle. Analysis of the repressed genes in skeletal muscle revealed that the majority of genes encoded components of the protein translation machinery, together with genes coding for the most abundant muscle structural proteins. Thus the hypoxic muscle response bears a strong resemblance to the repressed environmental genes in yeast and may similarly be part of an energy-saving strategy.
Just as transcript screening methodologies have already provided deep yet broad insights in biomedical investigations, the strategy can be extensively deployed in studying environmental responses to biotic and abiotic stressors, including ecotoxicants. The form of the investigations will be similar to those commonly used to study the time-course of a drug response, or a comparison of disease states, and the resulting expression profiles will be analyzed with the same data mining tools that are deployed in the biomedical field. Involvement of the comparative research community will certainly broaden the range of organisms and tissues, as well as stressors and physiological perturbations, to develop a more phylogenetically balanced picture of responses to all forms of environmentally induced stress. This will greatly contribute to our knowledge of the role of the transcriptome in biological regulation. Comparison of transcriptomes across taxa is likely to provide important new insights into the basis of environmental adaptation as well as environmental restriction. To give a specific example, comparison of cyprinid and salmonid fish responses to temperature might reveal the basis of both the restriction of the Salmonidae to environmental temperatures of less than 20
• C and the ability of some cyprinids to survive up to 40
• C (108) . Similarly, the Antarctic Notothenioidei do not acclimate well to warmer conditions and die above 4
• C, suggesting a reduced capacity for thermal acclimation (109) . The loss of specific warm-induced transcriptional responses might identify the absent mechanisms mediating this thermal phenotype, and this knowledge might come best from comparative data arising from array techniques.
Comparing Transcriptomes Between Species and Taxa
The comparison of transcript expression data across and between species is hampered by the degree of relatedness of the organisms in question. Closely related species of the same genus may share the expression of many transcripts, whereas distantly related species will have more divergent profiles. Transcriptome differences between species not only reflect differences in the gene content of their respective genomes but also species differences in the regulated expression of orthologues and the divergence of paralogues post-duplication. In nonmodel organisms, the putative function of an uncharacterized gene can be assigned in the first instance by homology-based annotation, under the premise that genes of similar sequence have similar function. However, the power of homology-based comparisons is critically dependent upon the extent to which protein function is conserved, and this is dependent upon the evolutionary distance separating the organisms. Expression profiling is a powerful functional means of supplementing the annotation of new genes because knowing when and where a gene is transcribed offers further insight into its physiological role. For example, one would predict that true orthologues would have conserved expression patterns and tissue distribution across species, whereas paralogues with new or divergent functions would exhibit dissimilar expression. These types of analyses may be essential for accurate gene annotation in organisms that have undergone additional genome duplication events (e.g., teleost fishes) because there is evidence that some of the resulting paralogous genes can undergo functional diversification. Good examples of this latter effect occur with developmentally regulated genes that exhibit spatial or stage-specific expression during embryogenesis (107) and lipid biosynthetic genes that respond to environmental and dietary influences (S. Pooley & A.R. Cossins, unpublished observations).
Another use of expression profiling is to compare transcript amounts between species. One obvious use of this approach would be to compare and contrast the transcriptional responses of different species to a specific environmental situation or physiological condition. The identification of genes with conserved crossspecies expression profiles offers further strong evidence of gene function. For example, comparative expression profiling was used to identify 15 genes whose differential expression during melanoma metastasis was conserved in both mouse and human (110) . Similarly, there is >80% overlap in the liver transcripts that are subject to hypoxia regulation in the congeneric fishes G. mirabilis and G. seta (59) . Obviously, a truly global comparison of the transcriptomes of different species is possible only when arrays contain substantial overlap in the genes represented. Currently, this is most realizable for the genomic model species for which arrays with similar gene content are commercially available (111) . For nonmodel species for which the gene content of an array is either limited or poorly defined, the comparisons are restricted to only those genes present on all the species arrays employed.
Drawing comparisons between array datasets from different species is impeded by lack of common standards in the functional descriptions of genes used in the production of arrays. Moreover, schemes of gene annotation are increasingly implemented using unattended computerized tools (112) , and this requires formal schemes of terms with formal relationships between them. Toward this goal, a common gene ontology (GO) has been developed (113, 114) to provide order in a fragmented functional nomenclature by creating a single listing of attributes to describe objectively gene products in any organism. The list consists of a set of structured vocabularies under three headings: molecular function, cellular compartment, and biological processes. Through the use of GO, conserved ontological terms can be related across datasets for different species, thus extending the analysis beyond the simple listing of gene names to the querying of biological processes and other functional terms (81) . Using GO terms and Enzyme Commission numbers greatly facilitates the interpretation of transcript expression profiles of functionally related groups of genes, such as those involved in intermediary metabolism of lipids or in gluconeogenesis. Automated routines to systematically provide functional profiles for gene sequences have been devised. For example, Onto-Express searches public domain databases and returns tables of functional information (115) . GO will be particularly useful in facilitating the transfer of biological annotations from the well-documented model organisms to the diverse organisms often favored by comparative physiologists. It will also reveal more easily the physiological significance of transcript profiles.
Despite the increasing number of arrays for genomically sequenced model species, and for nonmodel species with adequate cDNA clone sets, there will always be species for which arrays are unavailable. Can transcript screening for these latter species be undertaken using arrays from other species? Can a common array of DNA probes be devised against which target RNA or DNA from a variety of different species can be hybridized? This approach could gain favor if expression profiling were extended to cover increasingly diverse organisms, because constructing a separate array for each species would likely prove impractical. The obvious factor determining the utility of this approach is the degree to which nucleotide sequence differences between compared species affect the kinetics of the hybridization reaction to a common probe. This is a question not only of the phylogenetic distance and the consequent sequence divergence between species but also of the extent to which conserved sequence motifs in the probe are sufficient on their own to offer adequate hybridization specificity to all compared targets. This constraint favors the use of the oligoarray, where degenerate probes for conserved motifs can be more clearly specified over cDNAs that may include non-conserved regions alongside more conserved regions. However, generating degenerate probes designed to hybridize a wider range of targets is likely to lead to reduced specificity in discriminating the expression profiles of closely related genes or transcriptional variants (24, 116) . Thus cross-species specificity in array design is traded off against reduced specificity within each species. However, studies show that DNA isolated from different primate species (117) and from domestic dog (118) can be hybridized successfully to human oligoarrays to identify evolutionarily conserved sequences. Similarly, the mRNA expression profiles of human, chimpanzee, orangutan, macaque, and three species of mouse were successfully compared by hybridization to human and mouse arrays, respectively (86) .
Comparing Genomes
One question frequently asked by comparative and evolutionary physiologists is what are the genetic differences between closely related species or geographically isolated populations? And how do these differences relate to behavioral or physiological adaptations? Similarly, what are the evolutionary genetic events leading to the formation of new species? For some species, comparisons of their completed genomes may eventually identify the genetic determinants of adaptation, survival, and species formation. At present this is limited to pathogenic microorganisms with completed genomes. For example, comparative analysis of pathogenic and nonpathogenic Listeria species has shown that virulence is linked with multiple gene acquisition and deletion events (119) . Similarly, the ability of different species to colonize and grow in distinct or novel habitats could be correlated with genetic change (120) . However, for species lacking a completely sequenced genome, researchers will have to turn to other techniques to identify the genetic differences between species.
Although expression profiling can and has been used to correlate transcript levels with species divergence (86), transcript levels are inherently plastic, being exquisitely sensitive to environmental conditions (100) and developmental stage (121, 122) . This leads to differences in the pattern of gene expression that are unrelated to underlying genetic differences. In contrast, the composition of the genome, with the exception of certain regions involved in the immune response and antibody recognition, is far more stable. A complementary approach to expression profiling is to use microarray-based comparative genomic hybridization (array-CGH). Conventional CGH involves the competitive hybridization of two differentially labeled genomic DNA samples to intact metaphase chromosomes, the fluorescent ratios along the chromosomes providing a cytogenetic display of differences in the DNA copy number of the samples (123) . However, the method is fraught with technical difficulties, is poorly reproducible, suffers from limited resolution, and offers only low throughput analysis.
Array-CGH differs in that instead of using intact chromosomal DNA as the probe for comparative hybridization, arrays made up of cloned DNA are used, offering many of the advantages common to array-based procedures. Array-CGH analysis can be performed using conventional cDNA and oligoarrays (124) or with arrays consisting of large fragments of cloned genomic DNA, such as bacterial artificial chromosomes or fosmids. The ability of CGH to identify a particular polymorphic locus is, of course, dependent on the density of coverage across the genome in that area of interest. Thus whereas cDNA arrays offer greater resolution for each gene locus, they do not permit comparisons to be made across the noncoding regions of the genome. The use of array-CGH to identify copy changes in single genes (monosomies and trisomies) or chromosomal aneuploidies has been described (125, 126) . Even differences between strains of laboratory mouse (127) , Mycobacterium (128) , and closely related microbial genomes (129) can be detected in the array-CGH ratios.
Analysis of array data has revealed that alterations in DNA copy number, such as whole chromosome aneuploidy events, can lead to spurious changes in gene expression profiles. Indeed, it appears that a number of organisms, such as yeast (130) and human (124) , do not possess a homeostatic mechanism to compensate for changes in gene dosage. Thus array-CGH analyses can be supported by conventional RNA expression profiling to identify genes that might be over-or under-expressed in a manner consistent with their copy number (131) .
PERSPECTIVES
There are now many data to suggest that the abundance of specific transcripts within a cell or tissue dictates, to an important extent, the biological potential of that system. Although post-transcriptional processes can influence protein expression, changes in cell and tissue physiology frequently involve changes in the expression of key genes, as indicated by phenotypes that result from experimentally manipulated gene transcription. New transcript expression technologies now bring high throughput, open-ended screening to physiological analysis. Although most published examples are in biomedical and clinical research and relate to a few model species, there is no doubt that comparative and environmental physiology stand to benefit from their increased deployment. The main significance of this development is not simply because of an improved and more penetrating ability to link gene expression with biological process and thereby identify new hypotheses for the underlying mechanisms. Instead, through advanced pattern analysis and statistical techniques these expression technologies offer the possibility of developing whole or partial system overviews. This represents a fundamental shift from a mainly reductionist attitude seeking to account for responses at all levels of organization due to the altered expression of just one or a few genes, to a more holistic, system-centered view that properly recognizes the true complexity of physiological systems and the certainty that they result from the concerted action of hundreds or even thousands of individual regulated processes. This new capability matches the spirit of comparative and evolutionary physiology (132) .
The current range of transcript screening techniques will undoubtedly advance and evolve over the coming years into new more user-friendly, cost-effective and productive forms. This will be supplemented by new pattern searching and discrimination techniques giving even greater power to the higher, system-level analysis of genomic data and improved means of relating gene and protein regulation to specific physiological, evolutionary or adaptive features. Model species, together with all their technical advantages and genomic resources, are critically important to the developing technology, but lack of sequence information is no longer an absolute barrier to progress. Indeed, the evolutionary and comparative perspective has much to gain from high throughput genomic technologies not only by identifying mechanisms but also by exploring the sources of physiological variability at the level of genotype, of population and of species. But this technology also has much to offer genomic science in general, (a) by substantially broadening the range of species and taxa under investigation; (b) by approaching more diverse and relevant natural situations (e.g., aestivation and hibernation, anoxia tolerance, salinity adaptation in migratory fish) and a greater range of stressors than is generally achieved in laboratory situations; and (c) by focusing specifically on sources of variation that underpin evolutionary adaptation. In the longer term, the rich vein of gene expression information, collated for a range of organisms according to phylogeny and informed by a new understanding of chromosomal reorganization over evolutionary time, and the resulting chromosomal synteny, will form the basis for a much more penetrating understanding of adaptation and its underlying mechanisms. (a) Samples A-E are hybridized twice against a common reference RNA that has no biological significance. (b) A loop design in which each sample is hybridized against every other to form an interwoven loop. Both designs are balanced in that each sample has equal numbers of Cy3 and Cy5 measurements, and both require the same number of arrays. But (b) has significantly more statistical power than (a) because of the greater sampling of the samples of interest rather than the reference RNA. A detailed discussion on the statistical merits of these and other experimental designs are given by Kerr & Churchill (41, 42) .
